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As a result of a calculation of the influence of the volume effect of a chemical reaction on the porosity of the fi¬ 
nal product for the system Al-Ni-Co in vacuum it is shown that the porosity of the synthesized material will 
be 7.6% higher than the initial porosity P 0 of the starting sample. For synthesis of SHS material with open po¬ 
rosity the initial batch powders were mixed in a ball mill with A1 2 0 3 balls for 1 h. The ready batch was poured 
into a graphite mold, which was placed into a vacuum furnace, and the batch temperature was raised to the 
self-inflammation temperature, after which spontaneous combustion of the batch occurred. Phase analysis of 
the samples, performed with a DRON-3M diffractometer, showed the presence of the main phase (CoNi) 3 Ni 
and free Ni. The pore size of the samples obtained was 2 - 2.5 pm. The open porosity of the samples, deter¬ 
mined by hydrostatic weighing, was 42%. 


Key words: open and closed porosity of materials, microstructure, temperature, combustion, method of 
self-propagating high-temperature synthesis (SHS). 


On porous membranes modified by highly disperse cata¬ 
lytic systems, methane carbon dioxide reforming (MCDR) 
into syngas proceeds intensively at temperatures 200 - 400°C 
lower than with processes realized in a conventional flow re¬ 
actor. With selectivity to syngas it approaches 98% [1-3]. 

The present work is devoted to the synthesis of high-po¬ 
rosity corrosion-resistant membranes for steam conversion 
of ethanol and glycerin as the main products of the fermenta¬ 
tion of biomass into syngas. The search for new materials for 
ceramic membranes is dictated by the improvement of their 
effectiveness and performance properties (long service life at 
high temperatures in aggressive processes). It is also known 
that the boiling temperature of metals in vacuum approaches 
the melting temperature of these metals, and the evaporation 
rate of these metals is 2 - 3 orders of magnitude higher than 
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the diffusion rate of the metal vapors at external pressure 
0.1 MPa. These conditions determine the mechanism by 
which highly porous materials are formed. In the combustion 
wave of high-temperature self-propagating synthesis (SHS) 
the metal in the batch melts and spreads with a liquid 
interlayer being formed. A number of authors have asserted 
that the formation of open porosity is mainly due to the filtra¬ 
tion of impurity gases, formed in the SHS process, through 
the liquid phase of the synthesized product [4-9]. However, 
the pressure of the surrounding medium within wide limits 
was neglected in the analysis of the mechanism of formation 
of open and closed porosity, and the vapor pressure of the 
liquid phase of different materials can reach tens of atmo¬ 
spheres during SHS [10, 11]. Likewise, the conditions under 
which the closed porosity of the synthesized materials can 
transform into open porosity were not studied. 

PRELIMINARY CALCULATIONS 

The influence of a change in the specific volume effect 
of materials in the presence of a chemical reaction on the po- 
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rosity of the final product was calculated first. The calcula¬ 
tion was performed using the relation 

P f =P 0 + (l-P 0 )A, (1) 

where P f is the porosity of the synthesized product; 

A = (Pf max - P o max )/Pf max > S the chan g e in the Specific VO- 

lume effect of the materials during a chemical reaction; 
Pf max theoretical density of the synthesized product; 

and, p 0 max is the maximum density to which the initial batch 
was pressed with the porosity of the compact going to zero. 

Since p f max is tabulated and p 0 max can also be easily cal¬ 
culated, provided that the composition of the initial batch is 
known from the prescribed experimental conditions, the pa¬ 
rameter A can be calculated theoretically for any SHS sys¬ 
tem. It should be noted that the relation (1) holds only for the 
synthesis of materials in a closed molding die, when the po¬ 
rosity P f of the synthesized product depends on the initial po¬ 
rosity P 0 of the sample and the volume effect of the materials 
during the chemical reaction. Swelling of the synthesized 
sample due to the vapor pressure p Y of the liquid phase and 
the pressure p g of the impurity gases formed in the course 
of the chemical reaction is limited by the size of the mold¬ 
ing die. 

The dependence of the initial porosity P 0 of the sample 
on the specific compaction pressure p was calculated using 
A. S. Berezhnoi’s relation 

P 0 = a -blogp, 

where a and b are empirically determined constants charac¬ 
terizing the rheological properties of a given mix [12]. The 
constants a and b for a given batch composition were deter¬ 
mined from preliminary experiments. The calculation was 
performed for the reaction 

3Ni + A1 + 3Co (NiCo) 3 Al. 

As a result the following values were obtained: a = 0.34, 
b = 0.064 at p = 15 MPa and A = 0.127. This shows that the 
porosity of the synthesized material will be 7.6% higher than 
P 0 of the initial sample. 

The pore size of the synthesized material was also deter¬ 
mined. It was calculated using the Laplace relation for a 
model with cylindrical pores and following GOST 26849-96 
(method for determining pore size). The maximum pore size 
was calculated from the relation 

2nRocos 0 = 7i R 2 (A p - hyg ), 

where R is the capillary radius, a the surface tension of the 
liquid, 0 the wetting angle, h the height of the liquid column 
above the surface of the sample, y the density of the liquid, 
g the acceleration of gravity, A p = (p^ -p g -p v ) the pressure 
of the gas phase during pore formation, p x the pressure in the 



Fig. 1 . Variation of the batch temperature in the synthesis regime 
for samples from Ni-Co-Al. 


experimental chamber, p the pressure of impurity gases and 

p y the vapor pressure of the liquid phase. 

The combustion parameters of the SHS system 
Ni-Al-Co were substituted into the relation for determining 
the size of open pores: T g = 1580 K and the surface tension 
of aluminum s = 0.1116N/m [12]. The external pressure p^ 
was 13.3 Pa (0.1 mm Hg); this was the pressure in the exper¬ 
imental chamber. The average pressure p v of the impurity 
gases for the system Ni-Al-Co was determined to be 
0.5 MPa and the vapor pressure p Y of the liquid phase for alu¬ 
minum 0.24 MPa [13 - 15]. As a result of the calculation the 
critical pore size of the synthesized sample was found to be 
2.98 pm. 

EXPERIMENTAL STUDIES 

The SHS method for synthesizing material with open po¬ 
rosity for the system Ni-Al-Co was also studied experimen¬ 
tally. Since the presence of through pores (i.e., no closed po¬ 
rosity) is the main criterion for filters obtained by the SHS 
method, it is desirable to synthesize porous material not by 
layer-wise combustion, as is characteristic for SHS, but 
rather in the thermal explosion regime. In the present studies 
the following were used for the system Ni-Al-Co: PN-1 Ni 
with average particle size 50 pm (43.5%), ASD-4 aluminum 
powder (13%) and PK-1 cobalt powder (43.5%). The pow¬ 
ders were mixed in a ball mill with A1 2 0 3 balls for 1 h. The 
ready batch was poured into a graphite molding die, com¬ 
pacted under pressure p = 15 MPa, tightly closed and placed 
into a vacuum furnace, the temperature was raised to the 
self-inflammation temperature, and spontaneous combustion 
of the batch occurred. The regime for the system Ni-Al-Co, 
where the point A characterizes the completion of the thermal 
explosion process, is presented in Fig. 1. 

The microstructure of fracture of the sample obtained on 
the basis of Ni-Al-Co presumably in the form of small, hol¬ 
low, communicating spheres is presented in Fig. 2. The dark 
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Fig. 2. Micro structure of the fracture of the synthesized sample. 



Fig. 3. Micro structure of a part of the surface of an individual hol¬ 
low sphere permeated by 2 - 3 pm open pores. 



Fig. 4. Micro structure of a sample with elemental analysis at the 
points 1 and 2 (see Table 1). 

spots in the figure indicate the roughness of the fracture sur¬ 
face, irregularities and remnants of closed pores. The size of 
the open pores (equivalent hydraulic diameter of the channel 


TABLE 1. Spectrum of Elemental Analysis of the Fracture of a 
Sample 


Points 

Content of elements at the points studied, wt.% 

O 

Al 

Co 

Ni Total 

1 

2.10 

14.41 

12.44 

71.05 100 

2 

40.53 

37.33 

3.39 

18.76 100 


See Fig. 4. 


along which gas or liquid moves) was measured following 
GOST 26849-86. 

The measurements showed that the pore size of the sam¬ 
ples of ceramic membranes obtained was 2-2.5 pm. The 
open porosity of the samples, determined by hydrostatic 
weighing, was 42%. A phase analysis of the samples per¬ 
formed with a DRON-3M diffractometer showed the pres¬ 
ence of the main phase (CoNi) 3 Al and a very small amount 
of free Ni. 

The microstructure of part of the surface of an individual 
hollow sphere, permeated with 2-3 pm open pores, is shown 
in Fig. 3. 

The spectrum of an elemental analysis of a fracture of the 
sample, shown in Fig. 4, is presented in Table 1. 

The inner surface of the membrane channels was modi¬ 
fied by catalytically active components using the alkoxo 
method, where the mother liquor solutions of metal-complex 
precursors were pumped through a membrane attached to a 
vacuum pump. Next, moist heated air was blown through the 
membrane, the membrane was dried in vacuum (1 Torr, i.e., 
7.5006 x 10 “ 3 Pa) and heated in different regimes. On the 
basis of the studies (performed jointly with the A. V. Top- 
chiev Institute of Petrochemical Synthesis of the Russian 
Academy of Sciences) a catalytic module for steam conver¬ 
sion of ethanol and glycerin as basic products of biomass fer¬ 
mentation into syngas was developed from the synthesized 
membrane-catalytic system, containing as the active compo¬ 
nent [La-Ce]. 

The studies showed that the process of steam conversion 
of ethanol and glycerin into syngas and hydrogen in catalytic 
microchannels of ceramic membranes (synergetic effect) oc¬ 
curs with substrate conversion to 90% at 600°C. The specific 
activity in the formation of hydrogen per hour is 3600 li¬ 
ters/dm 3 of the membrane. 

CONCLUSIONS 

A mechanism for the formation of open porosity in 
high-temperature, corrosion-resistant, mechanically strong, 
nanoporous structures based on the system Ni-Al-Co under 
conditions permitting combustion of batch by SHS in the 
presence of a liquid phase, impurity gas pressure and liq¬ 
uid-phase vapor pressure was examined. The external pres¬ 
sure was the vacuum. 
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Phase analysis of the samples showed the presence of the 
base phase (CoNi) 3 Al and free Ni. The pore size in the mem¬ 
branes prepared was determined following GOST 26849-86 
was 2-2.5 pm, which correlates with the computed value 
(2.98 pm). The open porosity in the samples, determined by 
hydrostatic weighing, was 42%. The permeability of the 
samples in air was up to 600 liters/(MPa • h). 

The process of steam conversion of ethanol and glycerin 
into syngas and hydrogen in catalytic microchannels of ce¬ 
ramic membranes (synergetic effect) occurs with substrate 
conversion to 90% at 600°C. The specific activity in hydro¬ 
gen formation is 3600 liters/dm 3 of membrane. 
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